Purpose: The purpose of this research was to determine whether estrogen receptor ␣ specifically phosphorylated at Ser 118 is associated with clinical outcome in primary breast tumors from estrogen receptor-positive and node-negative breast cancer patients.
INTRODUCTION
Tumor expression of estrogen receptor-␣ is the gold-standard biomarker for predicting responsiveness of breast cancer to endocrine therapies such as the antiestrogen tamoxifen (1) . This is basically due to estrogen receptors central role within the estrogen signaling pathway (2) such that when tamoxifen binds to estrogen receptor a conformational change occurs resulting in the inhibition of estrogen signaling and consequently the proliferative action of estrogen on estrogen receptor-positive human breast cancer cells (3) . However, despite the success of tamoxifen therapy (4), some primary estrogen receptor ␣-positive tumors do not respond to tamoxifen (de novo resistance), and many that originally respond eventually acquire tamoxifen resistance, despite continued expression of estrogen receptor (5) . Therefore, estrogen receptor is not a perfect biomarker for the prediction of endocrine therapy responsiveness. The identification of more precise markers of treatment response would be useful in the treatment of breast cancer patients.
There are several different phosphorylation sites on estrogen receptor ␣ that may modulate estrogen receptor action, although the exact functional role in vivo of phosphorylation at the various sites is unclear (6) . Phosphorylation of estrogen receptor ␣ at Ser 118 is being investigated extensively and may have a role in the mechanism by which estrogen receptor ␣ is transcriptionally activated by both estrogen and other cross-talk pathways, in particular the mitogen-activated protein kinase (MAPK) pathway (6, 7) . We validated previously an antibody for immunohistochemistry in paraffin-embedded and formalinfixed sections of human breast tumors, which specifically detects estrogen receptor ␣ phosphorylated as Ser 118 (8) . Surprisingly our preliminary data suggested that estrogen receptor ␣ specifically phosphorylated at Ser 118 was associated with a more differentiated phenotype and other markers of good prognosis in human breast cancer. This led us to speculate that estrogen receptor ␣ specifically phosphorylated at Ser 118 may more accurately reflect an intact ligand-dependent estrogen receptor signal transduction pathway within a breast tumor and increased likelihood of response to endocrine therapy. In the current study we examined this hypothesis by determining the relationship of estrogen receptor ␣ specifically phosphorylated at Ser 118 to disease outcome in a cohort of estrogen receptorpositive, node-negative breast cancer patients who were treated with tamoxifen.
MATERIALS AND METHODS
Human Breast Tumors. All of the cases used for this study were selected from the Manitoba Breast Tumor Bank (Winnipeg, Manitoba, Canada). As described previously (9) , tissues are accrued to the bank from cases at multiple centers within Manitoba, rapidly collected, and processed to create matched formalin-fixed, embedded, and frozen tissue blocks for each case with the mirror image surfaces oriented by colored inks. The histology of every sample in the bank is uniformly interpreted by a pathologist in hematoxylin and eosin-stained sections from the face of the paraffin tissue block. This information is available in a computerized database along with relevant pathological and clinical information and was used as a guide for selection of specific paraffin blocks from cases for this study. For each case interpretations included an estimate of the cellular composition (including the percentage of invasive epithelial tumor cells and stroma), tumor type, and tumor grade (Nottingham score). Clinical steroid receptor status was determined for all of the cases by ligand binding assay performed on an adjacent portion of tumor tissue. Tumors with estrogen receptor levels Ն3 fmol/mg of total protein were considered estrogen receptor positive.
Clinical and Pathological Characteristics of the Patient Cohort. The selection and characteristics of the cohort used for this study have been described (9) . Briefly, 140 invasive breast carcinomas were selected from the bank. All of the cases were axillary lymph node negative and had been treated with surgery with or without radiation and then tamoxifen therapy. The majority of these tumors were estrogen receptor-positive, although some (10%) were estrogen receptor-negative tumors from older patients with otherwise good prognostic markers that were nevertheless treated with adjuvant tamoxifen therapy. The clinicopathological characteristics of the final patient cohort are shown in Table 1 . Criteria for the determination of variables are: (1) estrogen receptor positivity Ն3 fmol/mg protein and progesterone receptor positivity Ͼ15 fmol/mg protein; (2) grade determined by the Nottingham system was assigned as low (scores [3] [4] [5] , moderate (scores 6 -7), or high (scores 8 -9); (3) tumor size was categorized as small (Յ2 cm) or large (Ͼ2 cm); and (4) tumor inflammation was assessed in the tumor tissue section and increasing degrees of inflammation scored using a subjective scale from 1 to 5.
Immunohistochemistry. Immunohistochemistry was performed on serial 5-m sections from a representative, formalinfixed, paraffin-embedded archival tissue block from each tumor. In all of the cases, tissue samples were fixed for 18 -24 h in 10% buffered formalin before routine embedding in paraffin wax. Five micrometer sections were cut, mounted on Superfrost/Plus slides (Fisherbrand), and dried overnight at 37°C. Immunohistochemistry for estrogen receptor ␣ specifically phosphorylated at Ser 118 used mouse monoclonal antibodies specific for estrogen receptor ␣ phosphorylated on serine 118 (#2511, 16JR Cell Signaling Technology, NEB Ltd., Mississauga, Ontario, Canada). Antibodies were applied using an automated tissue immunostainer (Discovery Module, Ventana Medical Systems, Phoenix, AZ), and 3,3Ј-diaminobenzidine immunohistochemistry kit and bulk reagents were supplied by the manufacturer. Briefly, the Discovery staining protocol was set to "Standard Cell Conditioning," followed by 12-hour incubation with primary antibody and 32-minute incubation with secondary antibody. Primary antibody concentrations initially applied to the Ventana were 1:200 for estrogen receptor ␣ specifically phosphorylated at Ser 118 translating into final concentrations of 1:600 after 1:3 dilution with buffer dispensed onto the slide with the primary antibody. The slides are then counterstained using hematoxylin followed by a Bluing Reagent resulting in pale blue nuclei. After rinsing, dehydrating (graded alcohols), and clearing (xylol), the glass coverslips were applied using Permount. As described previously (8) , levels of nuclear estrogen receptor ␣ specifically phosphorylated at Ser 118 expression were scored semiquantitatively under the light microscope. Scores were obtained by estimating average signal intensity (scale of 0 -3) and the proportion of epithelial cells showing a positive signal (0 -100%). The intensity and proportion scores were then multiplied to give an overall immunohistochemistry score.
Statistical Analysis. Correlations of estrogen receptor ␣ specifically phosphorylated at Ser 118 immunohistochemistry scores with clinical pathological variables were assessed using the Spearman test. Differences between tumor subgroups were tested using the Mann-Whitney rank sum test, two-sided. Relapse-free survival was defined as the time from initial surgery to the date of clinically documented local or distant disease recurrence or death attributed to breast cancer. Overall survival was defined as the time from initial surgery to the date of death attributable to breast cancer. The association with relapse and survival was assessed by univariate analysis (log-rank test and Kaplan-Meier method). All of the tests were performed using Prism (GraphPad Inc., San Diego, CA) statistical analysis software.
RESULTS
Tissue blocks from all of the 140 cases in the cohort were sectioned and underwent immunohistochemistry for the detection of estrogen receptor ␣ specifically phosphorylated at Ser 118 using the antibody validated previously (8) . However, some 
118 -negative tumors (42.5 versus 16.1 fmol/mg protein, Mann Whitney two-tailed P ϭ 0.002, n ϭ 117). The correlation analysis was also done after eliminating the 4 estrogen receptor-negative tumors. A significant correlation remained between estrogen receptor ␣ specifically phosphorylated at Ser 118 and progesterone receptor levels (Spearman r ϭ 0.236, P ϭ 0.0118, n ϭ 113), and the median level of progesterone receptor in the estrogen receptor ␣ specifically phosphorylated at Ser 118 -positive tumors was significantly higher than that in the estrogen receptor ␣ specifically phosphorylated at Ser 118 -negative tumors (42.5 versus 20 fmol/mg protein, Mann-Whitney two tailed test P ϭ 0.0093, n ϭ 113). In addition, in categorical analysis where progesterone receptor positivity was defined as Ͼ15 fmol/mg of protein, estrogen receptor ␣ specifically phosphorylated at Ser 118 expression was more frequently observed on progesterone receptor-positive tumors ( 2 , two-sided, P ϭ 0.012, n ϭ 113). There was no statistically significant difference in total estrogen receptor ␣ levels between estrogen receptor ␣ specifically phosphorylated at Ser 118 -positive and -negative tumors (mean estrogen receptor ␣, 46 versus 54 fmol/mg protein, P ϭ 0.495, n ϭ 113).
In addition a weak inverse correlation of estrogen receptor ␣ specifically phosphorylated at Ser 118 expression and tumor grade was found that showed borderline significance (Spearman r ϭ Ϫ0.1819, P ϭ 0.0497, n ϭ 117) in all of the tumors and in the estrogen receptor ligand-binding assay-positive subgroup (r ϭ Ϫ0.177, P ϭ 0.06, n ϭ 113).
To determine whether estrogen receptor ␣ specifically phosphorylated at Ser 118 status was related to clinical outcome in patients treated with tamoxifen, the relationship of estrogen receptor ␣ specifically phosphorylated at Ser 118 expression determined as a binary factor (positive, any detectable nuclear staining versus negative, no detectable nuclear staining) to clinical outcome was investigated. In many cases expression was quite focal within the tumor. However, in keeping with previous studies to determine the clinical significance of estrogen receptor ␣ expression by immunohistochemistry (10), weak positive staining in Ͼ1% of tumor cells was regarded as positive estrogen receptor ␣ specifically phosphorylated at Ser 118 . Disease-free survival and overall survival Kaplan-Meier plots are shown in Fig. 1 for the cohort without the 4 estrogen receptor ␣-negative patients (however, their inclusion in the analysis did not significantly alter the results obtained). Those patients whose primary tumors expressed estrogen receptor ␣ specifically phosphorylated at Ser 118 had a longer disease-free survival than those whose tumors were estrogen receptor ␣ specifically phosphorylated at Ser 118 negative (Fig. 1A , P ϭ 0.0018, n ϭ 113). Although there is an apparent trend with regard to overall survival (Fig. 1B) , this was not statistically significant, likely due to the small number of events (deaths) occurring in this generally good prognosis (estrogen receptor ␣ positive, node negative) cohort of breast cancer patients. A similar analysis was carried out using progesterone receptor status (progesterone receptor positivity defined as Ͼ15 fmol/mg protein), and those patients with progesterone receptor-positive tumors demonstrated both significantly decreased recurrence ( Fig. 1C , P ϭ 0.0079, n ϭ 113) and significantly increased survival ( Fig. 1D , P Ͻ 0.0001). To determine whether estrogen receptor ␣ specifically phosphorylated at Ser 118 status together with progesterone receptor status could potentially be an even better prediction of disease outcome we compared time to recurrence and overall survival between progesterone receptorpositive/estrogen receptor ␣ specifically phosphorylated at Ser 118 -positive patients to progesterone receptor-positive/estrogen receptor ␣ specifically phosphorylated at Ser 118 -negative patients. Progesterone receptor-positive/estrogen receptor ␣ specifically phosphorylated at Ser 118 -positive patients had a significantly longer disease-free survival than progesterone receptorpositive/estrogen receptor ␣ specifically phosphorylated at Ser 118 -negative patients ( Fig. 1E , P ϭ 0.0041, n ϭ 81) treated with tamoxifen. No significant differences in overall survival were seen, possibly due to the small number of events (death) that occurred in this very good prognostic group. No significant association of grade or size with clinical outcome was found.
DISCUSSION
We had undertaken previously a study in a small cohort of primary human breast cancers to validate and explore the expression of estrogen receptor ␣ specifically phosphorylated on Ser 118 (8) . This study provided evidence for the reliable detection of estrogen receptor ␣ specifically phosphorylated at Ser 118 in multiple samples of human breast biopsies. This study also suggested that estrogen receptor ␣ specifically phosphorylated at Ser 118 detection is associated with a more differentiated phenotype and other markers of good prognosis in breast cancer and may be a good marker of an intact estrogen signaling pathway and, therefore, responsiveness to endocrine therapies. The current study addresses the association of estrogen receptor ␣ specifically phosphorylated at Ser 118 expression and clinical outcome in a subset of breast cancer patients, with generally good prognosis (node negative and estrogen receptor positive), who were treated with tamoxifen. The results suggest that the detection of estrogen receptor ␣ specifically phosphorylated at Ser 118 is significantly associated with a better clinical outcome in this cohort. Previously in similar cohorts progesterone recep-tor expression was associated with clinical outcome in patients treated with tamoxifen (11), and our data are consistent with these previous data and suggest that both progesterone receptor and estrogen receptor ␣ specifically phosphorylated at Ser 118 are indicators of outcome. In this small cohort the established progesterone receptor marker appeared better, but our data showing a significant increase in disease-free survival in progesterone receptor-positive/estrogen receptor ␣ specifically phosphorylated at Ser 118 -positive compared with progesterone receptor-positive/estrogen receptor ␣ specifically phosphorylated at Ser 118 -negative patients suggest that the combination of these two biomarkers has the potential to provide more accurate prediction of disease outcome in patients treated with tamoxifen. This suggests that estrogen receptor ␣ specifically phosphorylated at Ser 118 status can provide extra prognostic and treatment response information over and above total estrogen receptor ␣ and progesterone receptor status. Additional studies are warranted to determine the full significance of this observation.
Our data also demonstrate a positive relationship between progesterone receptor levels and progesterone receptor status with estrogen receptor ␣ specifically phosphorylated at Ser 118 , suggesting that both progesterone receptor and estrogen receptor ␣ specifically phosphorylated at Ser 118 reflect an intact, functional, estrogen receptor signaling pathway and a possible regulatory relationship of estrogen receptor ␣ specifically phosphorylated at Ser 118 and progesterone receptor expression. Our previous study found no relationship of estrogen receptor ␣ specifically phosphorylated at Ser 118 status and progesterone receptor status. It did, however, find a positive correlation of estrogen receptor ␣ specifically phosphorylated at Ser 118 with estrogen receptor status as one might expect. These apparent differences can be explained by the nature of the two cohorts used in these studies. The initial cohort was designed to be a scanning tool to validate an assay and to broadly identify possible correlations with known prognostic markers. As such the initial cohort was much smaller and composed of equivalent numbers of estrogen receptor ␣-positive and -negative tumors, in contrast to the current cohort, which is composed of only estrogen receptor ␣-positive tumors.
Both the current and previous results support the conclusion that detection of estrogen receptor ␣ specifically phosphorylated at Ser 118 is a marker of a functional, ligand-dependent estrogen receptor signaling pathway. This was somewhat surprising given the association of growth factor pathway-mediated phosphorylation of Ser 118 of estrogen receptor ␣ with ligandindependent activation of the receptor and the speculation that this could be a mechanism associated with estrogen independence and/or tamoxifen resistance in human breast cancer, especially because several studies have correlated amplification and overexpression of HER-2 and epidermal growth factor receptor with resistance to endocrine therapy in breast cancer in vivo (12, 13) . Our results suggest that increased expression of estrogen receptor ␣ specifically phosphorylated at Ser 118 is not associated with de novo tamoxifen resistance; however, we cannot exclude the possibility that estrogen receptor ␣ specifically phosphorylated at Ser 118 expression can be additionally upregulated and associated with acquired tamoxifen resistance.
If estrogen receptor ␣ specifically phosphorylated at Ser 118 is a marker of a functional estrogen receptor ␣ signaling pathway, what does this imply mechanistically? The role of phosphorylation of Ser 118 on estrogen receptor ␣ is unknown. Sitedirected mutagenesis studies involving Ser 118 and estrogen receptor transcriptional activity have given widely varying results (6) and may be influenced by different cellular backgrounds as well as different types of promoters used in each study (6) . Ligand and DNA binding are not affected by phosphorylation of Ser 118 ; however, effects on interaction with nonclassical promoters, protein turnover, and so forth, have not been examined. It is known that stimulation of breast cancer cells with both 17␤-estradiol and/or growth factors can result in phosphorylation of estrogen receptor ␣ on Ser 118 (14) . Phosphorylation of Ser 118 due to 17␤-estradiol, however, may be mediated at least in part by cyclin-dependent kinase 7 in transiently transfected COS-1 cells (15) and possibly MCF7 cells (14) and in both cases is independent of MAPK. The growth factor-mediated phosphorylation of Ser 118 is ligand independent and either directly or indirectly mediated by MAPK (7, 14) . Active MAPK is, however, significantly up-regulated in many breast tumors compared with matched normal breast tissue, as well as during progression of breast cancer (16, 17) suggesting the possibility that it could be involved in the ligand-independent activation of estrogen receptor ␣ during progression and be associated with endocrine resistance. Indeed, we identified previously a correlation in primary breast tumors between estrogen receptor ␣ specifically phosphorylated at Ser 118 and active MAPK suggesting that active MAPK could be directly or indirectly involved in the phosphorylation (8) . However, our correlative data and the current clinical outcome data suggest that even if this is correct, it does not result in a poor outcome in those patients treated with tamoxifen therapy (16) and is unlikely a mechanism of de novo tamoxifen resistance. This does not exclude the MAPK pathway being involved in acquired tamoxifen resistance.
In conclusion, our data support the association of estrogen receptor ␣ specifically phosphorylated at Ser 118 in primary breast tumors and a good clinical outcome in estrogen receptor ␣-positive, node-negative patients treated with tamoxifen. This suggests that estrogen receptor ␣ specifically phosphorylated at Ser 118 is a marker of a functional, ligand-dependent estrogen receptor signaling pathway in breast cancer and that estrogen receptor ␣ specifically phosphorylated at Ser 118 determination together with progesterone receptor status may provide a better indicator of response to endocrine therapy than total estrogen receptor ␣ status alone.
